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ABSTRACT
This paper aims at studying the reliability of a few frequently raised but not proven arguments
for the modeling of cold gas clouds embedded in or moving through a hot plasma and at
sensitizing modelers to a more careful consideration of unavoidable acting physical processes
and their relevance. At first, by numerical simulations we demonstrate the growing effect of
self-gravity on interstellar clouds and, by this, moreover argue against their initial setup as
homogeneous. We apply the adaptive-mesh refinement code Flash with extensions to metal-
dependent radiative cooling and external heating of the gas, self-gravity, mass diffusion, and
semi-analytic dissociation of molecules and ionization of atoms. We show that the criterion
of Jeans mass or Bonnor-Ebert mass, respectively, provides only a sufficient but not a neces-
sary condition for self-gravity to be effective, because even low-mass clouds are affected on
reasonable dynamical timescales. The second part of this paper is dedicated to analytically
study the reduction of heat conduction by a magnetic dipole field.We demonstrate that in this
configuration, the effective heat flow, i.e. integrated over the cloud surface, is suppressed by
only 32 per cent by magnetic fields in energy equipartition and still insignificantly for even
higher field strengths.
Key words: Conduction – Diffusion – Hydrodynamics – Magnetic fields – Methods: numer-
ical – ISM: clouds
1 INTRODUCTION
Today, computer simulations are a well-established approach for
describing complex astrophysical systems and supplement obser-
vational and theoretical astrophysics by a third branch known as
computational astrophysics. Simulations are essential for under-
standing systems whose evolution cannot be adequately described
via analytical means. Here, galaxies are particularly well-suited ob-
jects of study, since they contain many interacting constituents.
These include already existing stars and the interstellar medium
(ISM), which comprises various co-existing physical states of gas
(so-called ‘phases’) that can even lead to star formation. To add to
the complexity, the ISM is determined by energetic processes and
evolves dynamically in each of its different phases. Thus, for ex-
ample, cold, interstellar (IS) gas clouds may be engulfed by hot
gas - a process attracting particular research interest in the context
of galactic matter cycles. When IS clouds are numerically investi-
gated, the relevant physical processes must be modeled so as to jibe
with observations, and the initial conditions must be established
properly. In the literature on simulating IS clouds without star for-
mation, there are two striking simplifications in setting up cold gas
clouds in a multiphase ISM:
? E-mail: bastian.sander@univie.ac.at, gerhard.hensler@univie.ac.at
(i) Self-gravity is neglected if the cloud mass is below its Jeans
mass (e.g. Kwak et al. 2009) or the virial ratio in the cloud is much
greater than one (e.g. Armillotta et al. 2017). As a consequence, IS
clouds are considered single-phase, homogeneous, and isothermal.
The assumption is that self-gravity has a negligible effect on the
evolution of low-mass clouds.
(ii) Heat conduction is neglected if a magnetic field in the cloud
is considered (e.g. Maller & Bullock 2004; Esquivel et al. 2006;
Kwak et al. 2009). The assumption is that magnetic fields substan-
tially hamper thermal conduction from the hot phase towards the
cold cloud.
But these two simplifications lack a proof, or even an estimate from
physical principles. In the first part of this paper (§ 2) we investi-
gate whether self-gravity is a necessary initial condition when sim-
ulating the evolution of a low-mass cloud, i.e. one whose cloud
mass is less than its Jeans mass. We argue that the Jeans criterion
(or, more precisely, the Bonnor-Ebert criterion), however, is only a
sufficient but not a necessary condition, because its derivation only
describes the increase of perturbations. We are encouraged by stud-
ies such as that of Habe & Ohta (1992), who simulated supersonic,
head-on collisions between non-identical clouds. They found that a
gravitational instability in the cloud can be triggered by such col-
lisions even if the initial cloud mass is well below its Jeans mass.
Furthermore, observations of real IS clouds reveal a core-halo den-
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sity structure with radial profile ∝ r−2. This is a clear sign of the
role played by self-gravity (Kaminski et al. 2014; Wyrowski et al.
2016), which was already deduced by Larson (1981) for virialized
clouds. The observed head-tail density structure of the majority of
high-velocity clouds (HVCs, Brüns et al. 2000; Ben Bekhti et al.
2006; For et al. 2013) teaches us that Rayleigh-Taylor instability
is suppressed due to self-gravity (Murray et al. 1993; Hensler &
Vieser 2002). We show that even a homogeneous low-mass cloud
develops a radial density profile when self-gravity is considered
initially.
In the second part of the paper (§ 3) we analytically address
thermal conduction by electrons from a hot gas phase towards an
embedded IS cloud that exhibits a strong magnetic dipole field,
which is in equipartition with the energy density of the cloud.
Within the model of the three-phase ISM (McKee & Ostriker 1977)
cold gas clouds represent the cold neutral phase enclosed in a warm,
slightly ionized phase with both being embedded in a hot phase.
Since the phases are in mutual pressure equilibrium they must have
different temperatures thus thermal conduction towards the cold
clouds is a natural consequence. The hot phase is very dilute hence
the mean free path of electrons (see e.g. Shu 1992) is of the order
of ∼ 10 pc, adopting T ∼ 106 K and n ∼ 10−3 cm−3. We go into the
frequent argument that magnetic fields reduce the mean free path
of electrons, by this, diminishing the effect of heat conducted by
electrons to zero. We demonstrate that the effective heat flow, i.e.
integrated over the cloud surface, is not suppressed substantially.
The studies of self-gravity and heat conduction presented in
this paper are necessary to prepare simulations of cold gas clouds
embedded in a hot, tenuous plasma. We investigate both processes
separated from each other in order to evaluate their respective effect
on the evolution of cold gas clouds. A prime example of particular
interest in astronomy are HVCs, which move through the hot halo
of our Milky Way and contribute significantly to the galactic gas-
accretion rate (Richter 2016). HVCs have to be numerically inves-
tigated as it is not possible to disentangle the complex picture of
the galactic matter cycle from observations alone.
2 SELF-GRAVITY IN LOW-MASS CLOUDS
2.1 Initial setups and simulations
We carry out three-dimensional, hydrodynamical simulations by
using the publicly available Flash code (Fryxell et al. 2000), ver-
sion 3.21 (see the reference paper by Dubey et al. 2009). It is an
Eulerian hydrodynamics code, which integrates the (inviscid) Eu-
ler equations on a Cartesian, adaptively refined grid by means of
the piecewise parabolic method (PPM, Colella & Woodward 1984;
Woodward & Colella 1984). Our chosen computational domain is
a cube with side length of 260 pc and a finest numerical resolution
of ∆x = 1.0 pc.
To study the effect of self-gravity on low-mass IS clouds in
an isolated manner we put the clouds at rest with respect to the
ambient gas. By that, internal cloud dynamics is not triggered by
external forces. We focus on three models as indicated in Table 1.
First, a fiducial cloud without both self-gravity and plasma cooling
is simulated to check the numerics of the code (model H0). Second
and third: one cloud without (model H1) and another with self-
gravity (model H2) are computed. We use Flash’s Multigrid solver
1 see http://flash.uchicago.edu/site/flashcode/
Table 1. Simulated model clouds. The respective physical processes are
either considered (+) or disregarded (−).
Model self-gravity heating & cooling
H0 − −
H1 − +
H2 + +
to integrate Poisson’s equation. This solver is adequate for handling
arbitrary density distributions.
For comparison reasons, each cloud is initially homogeneous,
isothermal, and isobaric and their masses and radii are the same:
Mcloud = 6.4 × 104 M and Rcloud = 41 pc, respectively. The ambi-
ent gas has a temperature and density of TISM = 5.6 × 106 K and
nISM = 7 × 10−4 cm−3, respectively. Temperature and density are
chosen in such a way, that the model clouds and the ambient hot
phase are in pressure equilibrium at ∼ 4, 000 K cm−3, which is in
the favoured range of 103 to 104 K cm−3 for a three-phase ISM.
According to Tumlinson et al. (2017) a value of TISM = 5.6×106 K
is consistent with observations of the Milky Way circumgalactic
medium (CGM) ranging from 106 to 107 K. The density used in
the models agrees with current measurements of the halo (10−5 to
∼ 0.002 cm−3, Bland-Hawthorn & Gerhard 2016, and references
therein). Internally, the clouds are in thermal equilibrium. Decreas-
ing the temperature to the widely accepted value of TISM ∼ 2×106 K
(Miller & Bregman 2015) would lead to an external pressure of
∼ 1, 400 K cm−3. In order to get a model cloud at the same cloud
temperature and with the same mass, the cloud density, nold, must
be lowered by the same factor at which TISM decreases (to main-
tain pressure equilibrium) yielding nnew. Accordingly, the cloud ra-
dius has to rise by (nold/nnew)1/3 to obtain the same cloud mass.
In our case, the radius increases to 59 pc. The decreased external
pressure affects the Bonnor-Ebert mass of the cloud (cf. § 2.2),
such that the ratio of cloud-to-Bonnor-Ebert mass is lower as for
TISM = 5.6 × 106 K (cf. Figure 1). The initial physical situation
does not change and our reasoning still holds. We emphasize that
we do not consider thermal conduction within the simulations.
The rates of heating and cooling of the plasma, and the de-
grees of dissociation and ionization are computed semi-analytically
based on the local values of temperature, density, and metallic-
ity. These local variables are calculated during runtime. Depending
on temperature we have applied three different cooling laws from
literature: for T < 900 K we use the cooling curve from Falgar-
one & Puget (1985), which considers molecular line cooling. For
900 < T/K < 104 we use the cooling function from Dalgarno &
McCray (1972), and for temperatures above 104 K the plasma cools
according to the rates in Boehringer & Hensler (1989). The plasma
is heated owing to the photoelectric effect on dust particles (Wein-
gartner et al. 2006), ionization by UV radiation, by X-rays, and by
cosmic rays (Wolfire et al. 2003), thermalization of turbulent mo-
tions, and condensation of molecular hydrogen on dust particles
(both in Tielens 2010).
2.2 Simulation results
From linear perturbation analysis it is well-known that self-gravity
in clouds is important if at any radius r ≤ Rcloud the Jeans mass (e.g.
Binney & Tremaine 1987)
MJ =
pi
6
(
pikT¯
Gµ
)3/2
%¯−1/2 (1)
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Figure 1. Radial distribution of cloud-to-Jeans-mass ratio (solid line) and
cloud-to-Bonnor-Ebert mass ratio (dashed line for TISM = 5.6 × 106 K,
dotted line for TISM = 2×106 K). The x-axis is normalized to the respective
radius of each cloud.
is exceeded by the enclosed mass Mr = M(≤r). It is an indicator for
a region of mass Mr, which is not confined by an external pressure,
to be gravitationally stable (Mr ≤ MJ) or instable (Mr > MJ). How-
ever, if a non-vanishing ambient pressure Pa = P(>r) takes effect
on a cloud with radius r, the upper bound for its mass in order to
resist gravitational instability is provided by its Bonnor-Ebert mass
(Ebert 1955; Bonnor 1956)
MBE = 1.18
(
kT¯
µ
)2
G−3/2P−1/2a . (2)
The values T¯ , %¯, µ in equations (1) and (2) denote mean values of
temperature and density and the mean molecular weight, respec-
tively, inside r and G is Newton’s constant of gravity. Thus, for any
region,
Mr/MBE > 1 (3)
is a sufficient condition for self-gravity to be considered in the evo-
lution of a low-mass cloud. However, it remains to prove the neces-
sity of condition (3), namely,
self-gravity is considered in a low-mass cloud⇒ Mr/MBE > 1.
(4)
We approach this proof by means of hydrodynamical simulations
(§ 2.1). Condition (3) is not satisfied in any of the model clouds
(Figure 1), but models H1 and H2 differ by the consideration of
self-gravity (Table 1). Model H1 is our reference cloud: it evolves
a certain radial density profile not shaped by self-gravity. Oppo-
sitely, in model H2 self-gravity is considered. We now can use the
method of proof called reductio ad absurdum: Let’s assume impli-
cation (4) to be true. Then self-gravity would not have any effect
on the evolution of the density profile in cloud H2 a priori. Conse-
quently, we would not see any (or only negligible) difference in the
density profiles of models H1 and H2. By inspecting Figures 2 and
3, however, one clearly observes a strikingly different evolution of
both the density distributions and the shapes of clouds H1 and H2.
Both clouds condense hot ambient gas thus increase their content
of thermal energy. The expansion implied cannot be compensated
in model H1. Obviously, cloud H2 is able to remain compact due to
self-gravity despite its Bonnor-Ebert mass is far from being reached
(Figure 1). Therefore, a contradiction to our assumption, that impli-
cation (4) is true, is shown and, by that, implication (4) is disproved.
After 150 Myr, cloud H1 still oscillates entirely and with increasing
elongation. However, cloud H2 remains almost constant further out
but only inside the central 10 pc densities are changing. The main
differences are:
Figure 2. Evolution of the angle-averaged radial density profile in model
H1 (dashed lines) and in model H2 (solid lines). The black line shows the
initial density profile for both model clouds.
(i) The central density increases in cloud H2 by a factor & 3
within 150 Myr. The cloud remains spherical and compact.
(ii) Cloud H1 remains homogeneous over 150 Myr of evolution
and expands significantly.
We conclude, that self-gravity has a non-negligible effect on the
evolution of even low-mass clouds and must in general be included
to evolutionary models. Moreover, a homogeneous distribution of
density does not provide a realistic condition in the presence of
self-gravity.
In plot (b) in Figure 3 it is seen that the fiducial model H0
presents a stationary solution as expected for a homogeneous cloud,
which does not consider any processes for energy exchange with
the surrounding gas (i.e. plasma cooling and heating), where no
gravitational forces are present, and which is in pressure equilib-
rium with its surroundings.
3 HEAT CONDUCTION IN A MAGNETIC DIPOLE
FIELD
Since cool IS clouds are reasonably embedded in a warmer (up to
hot) IS gas, thermal conduction determined by the temperature gra-
dient is unavoidable. The path of charged particles like, e.g. elec-
trons is hampered by magnetic fields. Vieser & Hensler (2007) have
calculated that the mean free path of an electron perpendicular to a
magnetic field in pressure equilibrium with the gas is reduced by a
factor of 107 according to the Larmor radius with respect to colli-
sions with neutral hydrogen atoms. This might lead to the general
and frequently expressed but nowhere documented argument, that
thermal conduction cannot play a role for the energy budget of IS
clouds.
A magnetic dipole field in spherical coordinates reads
~B = (Br, Bθ, Bϕ) =
m
4pir3
(2 cos θ, sin θ, 0), (5)
with radius r, elevation angle θ, azimuthal angle ϕ, and magnetic
moment m (i.e. strength of the dipole). In presence of large temper-
ature gradients the heat flow becomes saturated and can be written
as (Cowie & McKee 1977)
qsat = 0.4ne
(
2kTe
pime
)1/2
kTe ≈ 5Φs%c3s , (6)
where ve ≡ |~ve| = [2kTe/(pime)]1/2 is the thermal velocity of elec-
trons, cs is the speed of sound, % is the density, and Φs covers both
MNRAS 000, 1–5 (2019)
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Figure 3. Evolution of density in the model clouds: (a) at initial stage, (b)
fiducial model H0, (c) model H1, and (d) model H2 each after 150 Myr.
Black arrows visualize the velocity field of gas. The grey square in the upper
left corner is spanned by 10 × 10 cells of finest resolution (∆x = 1.0 pc).
uncertainties owing to the treatment of flux-limited diffusion and
the impact of potential magnetic fields. The saturation of heat flow
being inherent in representation (6) accounts for a replenishment
of the reservoir of heat-conducting electrons within the travel time
of sound waves, i.e. there is a maximum amount of thermal energy
that can be transported by electrons moving at ve. So, if all available
electrons already contribute to the heat flow, its amplitude cannot
increase anymore even if the temperature gradient increases (see
discussion in Tilley et al. 2006).
Assuming a cloud of temperature Tcl embedded in an external
medium of temperature Te > Tcl, the temperature gradient across
the cloud surface points radially inwards and hence the undisturbed
flow lacks any angular component. So,
~qsat ∝ ~ve ‖ ~r. (7)
We may thus write for the electron velocity in spherical coordinates
~ve = (vr, 0, 0) (8)
if no local forces are present, which may be due to, e.g. turbulence
or density inhomogeneities. Assume the cloud to have a magnetic
dipole field (5). The angle α between magnetic field (5) and heat
flow (7) is given by the dot product
cosα =
~B · ~qsat
|~B| · |~qsat|
∝ ~B · ~ve|~B| · |~ve|
=
(
1 +
1
4
tan2 θ
)−1/2
. (9)
The radial velocity component (8) can be split into a component
parallel, v‖, and a component perpendicular, v⊥, to the magnetic
field lines. So,
v‖ = vr cosα (10)
v⊥ =
√
v2r − v2‖ . (11)
By that, the heat flow (6) can be split in the same way. That is,
q‖ = 0.1nev‖
3
2
kTe (12)
q⊥ = 0.1nev⊥
3
2
kTe, (13)
such that qsat =
√
q2‖ + q
2⊥. The Lorentz force acts on q⊥ only.
We now have to estimate the degree of suppression by the
magnetic field if a specific thermal energy of electrons is given.
If no magnetic field is present, the electrons travel their respective
mean free path for Coulomb collisions λe = teve, with an electron-
electron equipartition time (Spitzer 1962)
te =
3
√
me(kTe)3/2
4
√
pinee4 ln(Ω)
. (14)
If a magnetic field is present, the electrons are deflected by the
Lorentz force and hence gyrate around the field lines with Larmor
radius
rL =
mev⊥
e|~B| . (15)
Therefore, the factor, by which q⊥ is suppressed, is given by rL/λe,
since rL measures the disturbing effect of the magnetic field on the
straight line λe. So, the heat flow, which passes the magnetic field,
reads
qeff =
√
q2‖ +
(
rL
λe
q⊥
)2
. (16)
For sufficiently weak magnetic fields rL ∼ λe thus the heat flow
perpendicular to ~B is not affected, but for stronger fields rL can
easily fall below 10−8λe (see discussion in Vieser & Hensler 2007).
The normalized heat flow qnorm ≡ qeff/qsat measures the fraction
of the flow (6) that is able to pass the magnetic field. The magnetic
moment is chosen to be m ≈ 3×1051 erg G−1, such that |~B| ∼ 5 µG at
cloud surface (r = 40 pc) at equator (θ = pi/2), which corresponds
to equipartition with the energy density of the cloud. In Figure 4
a clear dependence of qnorm on the elevation angle θ is visible. At
equator a value of qnorm ∼ 10−9 is established.
Averaging qnorm over all θ yields the weighted mean
〈qnorm〉 =
pi/2∫
θ=0
2pi∫
ϕ=0
sin θ′qnorm(θ′)dθ′dϕ′
pi/2∫
θ=0
2pi∫
ϕ=0
dθ′dϕ′
=
2
pi
pi/2∫
θ=0
sin θ′qnorm(θ′)dθ′.
(17)
As can be seen in Figure 4, 〈qnorm〉 is suppressed to 68 per cent
only. More extensive, but rather academic numerical studies on
the impact of different magnetic field configurations on heat flow
have been performed by Li et al. (2012), taking into account the
dynamic evolution of the magnetic field. Their heat-transfer effi-
ciency ζ has the same meaning like our qnorm. What they observe
is a hampered conduction if the magnetic field is more tangled,
i.e. if the contributions from field lines perpendicular to the heat
flow are increased (their situation for ζ → 0). This corresponds to
qnorm (θ = pi/2) ∼ 10−9 (Figure 4). However, they figured out that
if the global magnetic field dominates the local tangled field (in
MNRAS 000, 1–5 (2019)
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Figure 4.Normalized heat flow, qnorm (blue line), at a cloud-centric distance
of r = 40 pc. The weighted mean of normalized heat flow, 〈qnorm〉 (black
line), is averaged over all θ ranging from 0 to pi/2.
their terminology: ζ → 1), the impediment imposed by anisotropic
heat conduction in the local tangled field is negligible. This result
conforms with qnorm(θ = 0) = 1. The findings of Li et al. (2012)
hence substantiate our results even though they have not averaged
all particular heat flows for 0 ≤ ζ ≤ 1 to get an effective heat flow.
4 SUMMARY AND CONCLUSIONS
The aim of our exploration is twofold. In the first part (§ 2) we
present three-dimensional, hydrodynamical simulations of three
models of resting low-mass clouds (Figure 1), which are initially
homogeneous (§ 2.1). Our main purpose of these studies is to an-
alyze whether self-gravity plays a substantial role in the evolution
of cold gas clouds with masses well below their Jeans mass. After
150 Myr of evolution the morphologies of our model clouds H1 and
H2 are strikingly different (Figure 3). An initially homogeneous
cloud without self-gravity (model H1) remains homogeneous and
is shaped irregularly. The evolutionary process is totally different in
the case of self-gravity (model H2), where the cloud remains com-
pact, roundish, condenses centrally, and evolves a radial density
gradient (Figure 2). Hence we conclude that self-gravity has a ma-
jor impact on even gravitationally stable clouds (M < MBE), which
disproves the necessity of condition (3). Also a homogeneous den-
sity distribution is not a realistic initial condition if self-gravity is
accounted for.
We further calculated analytically the effective heat flow of
electrons passing a magnetic dipole field, which contributes major
to a multipole field. It turned out that even in equipartition the heat
flow, which is integrated over the cloud’s surface, is reduced to 68
per cent only (Figure 4). The evaluation of the degree of suppres-
sion of heat conduction becomes even more complicated for more
complex configurations of magnetic fields (e.g. for tangled fields
due to hydrodynamic instabilities or turbulence, Guo et al. 2008)
or if the fields evolve with time. Narayan & Medvedev (2001) have
shown that the effective heat flow is suppressed to only ∼ 20 per
cent if the entanglement of the magnetic field lines extends over
certain spatial scales. We thus deduce that even in the presence of
strong magnetic fields the heat flow must not be neglected in simu-
lations of cool clouds embedded in a hot plasma.
The study presented is thought as a preparatory effort for cloud
models with heat conduction and the evolution of HVCs. In two
forthcoming papers we show that the arguments we figured out in
our analysis performed with resting clouds can be applied to fast
moving low-mass clouds, e.g. HVCs, as well.
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